Background: Treatment with epidermal growth factor receptor (EGFR)-tyrosine ki-
| YAMADA et Al.
| INTRODUCTION
Lung cancer is the leading cause of cancer-related deaths worldwide. 1 Recently, some types of molecular-targeted therapy and angiogenesis inhibitors have been successfully introduced as lung cancer treatments. Epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors (TKIs) have been shown to be effective in the treatment of non-small cell lung cancer (NSCLC) in patients with mutant EGFR. [2] [3] [4] [5] Although EGFR-TKIs may lead to initial clinical benefits in most patients with EGFR-mutated NSCLC, these patients develop acquired resistance to various EGFR-TKIs. Therefore, novel therapeutic strategies after resistance to EGFR inhibitors are still needed to improve the prognosis of patients with EGFRdriven lung cancers. Recently, programmed cell death protein 1 (PD-1)/programmed death ligand 1 (PD-L1) checkpoint inhibitors are promising alternative treatments for NSCLC. Of them, nivolumab, pembrolizumab, and atezolizumab have been approved in the United States, Japan, and other countries for the treatment of patients with metastatic NSCLC based on some phase III trials that showed the superior outcomes of PD-1/PD-L1 checkpoint inhibitors compared with standard systemic chemotherapy in patients with NSCLC. [6] [7] [8] [9] [10] Several mechanisms for poor responses to immune checkpoint inhibitors (ICIs) have been reported, such as a lower tumor mutation burden and an uninflamed and immunosuppressive tumor microenvironment. 11 A recent retrospective study showed that subgroups with oncogenic driver mutations, including EGFR and anaplastic lymphoma kinase (ALK), tend to show a reduced response to PD-1/PD-L1 inhibitors regarding objective response rates and progression-free survival (PFS) when compared with wild-type EGFR and ALK-negative/unknown subgroups among patients with NSCLC. 12 To date, little is known about the subpopulation of patients with NSCLC with EGFR mutations who exhibit clinical outcomes upon receiving ICI treatments. Therefore, to identify eligible patients to treat with ICIs, we retrospectively analyzed the correlations between clinical features and the efficacy of ICIs in patients with EGFR mutations. 
| MATERIALS AND METHODS

| Patients
| Immunotherapy
The anti-PD-1 antibodies administered were nivolumab and pembrolizumab. Nivolumab and pembrolizumab were intravenously administered at doses of 3 mg/kg every 2 weeks and 1200 mg every 3 weeks, respectively. In general, these treatments continued until disease progression, intolerable toxicity, or patient refusal was encountered.
| Statistical analysis
Cox proportional hazards models were used, considering age, sex, PS, smoking history, histological type, best response to initial EGFR-TKIs, metastatic lesions, staging, regimen of ICIs, status of EGFR mutation, EGFR-T790M mutation, levels of PD-L1 expression in tumors, levels of serum albumin, and neutrophil/lymphocyte ratios (NLRs). To analyze the TTF and PFS, times to events were estimated using the KaplanMeier method and compared using the log-rank test. The TTF and PFS were censored at the date of the last visit for patients who remained alive without any documented disease progression. The tumor response was evaluated in accordance with the RECIST, version 1.1. All statistical analyses were performed using Prism (version 7.02; GraphPad Software Inc, CA). All p values less than 0.05 were considered statistically significant.
| RESULTS
| Patient characteristics
A total of 27 patients with NSCLC who received ICIs, as well as EGFR-TKIs, which were treated more than one compound, between February 2016 and April 2018 at 6 institutions in Japan were included. Of them, 8 (30%) patients were male and 20 (74%) were never-smokers, and the median age of all patients was 67 years (range, 37-82 years). The histological subtypes were adenocarcinoma in 26 patients (96%) and large cell neuroendocrine carcinoma in 1 patient (4%). Twenty-three patients (85%) had a performance status of 0 or 1. The sites of metastatic disease were the bone, brain, and liver in 12 (44%), 11 (41%), and 4 (15%) patients, respectively. Eighteen patients (67%) had stage IV disease and 9 patients (33%) exhibited recurrence. Twenty-one (78%) and 6 (22%) patients were administered nivolumab and pembrolizumab, respectively. EGFR mutations at baseline were detected as follows: 8 patients harbored a deletion in exon 19, 12 patients harbored an L858R missense mutation in exon 21, 4 patients harbored a G719X mutation in exon 18, and 3 patients harbored an insertion mutation in exon 20. EGFR-T790M mutations after developing resistance to initial EGFR-TKI treatment were detected in 8 patients, and were not detected in 19 patients (Table 1) .
| Association between clinical features and outcomes for patients with EGFRmutated NSCLC who were treated with ICIs
We showed that a small proportion of patients with lung adenocarcinoma with EGFR mutations exhibited favorable clinical benefits when treated with ICIs, nivolumab and pembrolizumab. Of 27 patients with NSCLC with EGFR mutations, no patients achieved complete response (CR; 0%), 6 achieved partial response (PR; 22.2%), 5 achieved stable disease (18.5%), 13 achieved progressive disease (48.1%), and 3 were unevaluable (11.1%) when treated with ICIs, which was indicated in a response rate of 22% and disease control rate of 41% ( Figure 1A ). The median PFS was 57.5 days (8-612 days) and median TTF was 76.5 days (8-612 days) ( Figure 2A ,B).
To assess whether the clinical features might be a determinant of ICI efficacy in patients with EGFR mutations, we next investigated the association between some clinical parameters and the responders to ICI treatment, which were defined as the CR and PR cases based on the evaluation of RECIST criteria. Of various clinical parameters, only patients with uncommon EGFR mutations, including G719X in exon 18 and insertion in exon 20, significantly correlated with responding to ICIs, compared to those with common EGFR mutations (hazard ratio of 0.047 with 95% confidence interval of 0.004-0.557, P = 0.015) ( Figure 1B ,C, Table 2 ). Although the PD-L1 TPS in tumors, smoking status, and location of metastatic lesions were known to be predictive factors for therapeutic effects of ICI treatment in NSCLC with wild-type EGFR, there were no significant differences in this study. We next evaluated the correlation between the disease control rate following ICI administration and patient factors, including EGFR mutation status and the detection of T790M mutations, that were demonstrated to be relatively promising predictors in the analysis of ICI responders, as shown in Table 2 . Although these factors tend to be adequate candidates for prediction, there was no significant correlation with the disease control rate following ICI administration (Supplementary Table S1 ). We next evaluated the correlation between patient profiles and clinical outcomes of ICI treatment, such as PFS and TTF. Of them, patients with uncommon EGFR mutations had significantly Figure 2E,F) . Finally, we validated two promising predictive factors: uncommon EGFR mutations and the absence of T790M mutations. T790M mutations were not detected in our analysis in all 7 patients with uncommon EGFR mutations. In the cases of common EGFR mutations, T790M mutations were detected in 8 patients and but not in 12 patients. These 3 groups (uncommon EGFR mutation plus T790M mutation-positive, common EGFR mutation plus T790M mutation-positive, and common EGFR mutation plus T790M mutation-negative) were statistically different according to PFS and TTF following ICI treatment (P = 0.006 and P = 0.012, respectively) ( Figure 3 ). These results showed that uncommon EGFR mutations in the absence of T790M mutations in patients might be a most potent predictor to detect the responders of ICIs among patients with EGFR-mutated NSCLC.
| DISCUSSION
Many promising drugs have been developed for NSCLC, such as molecular-targeted therapies for EGFR and immunotherapy. To date, the effectiveness of ICIs has been reported to be associated with various biomarkers, such as PD-L1 overexpression in tumors, tumor mutation burden, and smoking exposure in patients with NSCLC. 13, 14 Of them, the frequency of a PD-L1 TPS of ≥50% is lower in patients with EGFR-mutated or ALK-rearranged NSCLC compared with that in those negative for these genetic changes. 8, 15, 16 In addition, the efficacy of PD-1/PD-L1 inhibitors is less related to PD-L1 expression in EGFR-mutated lung cancer. 12 A meta-analysis of 3 randomized trials demonstrated that ICIs are less sensitive than docetaxel in subsets of EGFR-mutated advanced NSCLC. 17 Thus, patients with EGFR-mutated NSCLC generally are unlikely to be ideal candidates to receive ICI treatment. Meanwhile, preclinical studies have shown that activation of EGFR signaling pathways involved in the production of PD-L1 expression in NSCLC cells and anti-PD-1 antibodies are effective in mouse models with EGFR mutant-driven tumors. [18] [19] [20] In fact, 2 patients with EGFR mutations survived for more than 5 years in a phase 1 study of nivolumab treatment. Interestingly, uncommon EGFR mutations, exon20
F I G U R E 1 Frequency of best overall response to immune checkpoint inhibitors (ICIs) after acquired resistance to EGFR-TKI treatment in patients with EGFR-mutated NSCLC. Frequency of best overall response to ICIs for all patients (N = 27) (A), patients with common EGFR mutations (N = 20) (B), and patients with uncommon
EGFR mutations (N = 7) (C) are shown in the pie chart. ICI, immune checkpoint inhibitor; EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; NSCLC, non-small cell lung cancer insertion and G719A, but not common mutations, were detected in these patients. 21 More recently, a phase III study demonstrated that patients with EGFR mutations who were pretreated with EGFR-TKIs showed superior PFS upon receiving combination therapy of anti-PD-L1 antibody atezolizumab plus platinum-based chemotherapy, compared with that upon receiving chemotherapy alone. 22 However, the subpopulation of patients with EGFR-mutated tumors who are ideal candidates to receive immunotherapy is still unclear. Therefore, in this retrospective study, we focused on screening for efficacy cases with ICIs among patients with EGFR-mutated NSCLC. Liver metastases are known as a poor prognostic factor in patients with lung cancer, regardless of various histologic types, 23, 24 and the presence of liver metastases in patients with NSCLC is associated with shorter PFS and tends to reduce effectivity to PD-1 inhibition compared with those in patients without liver metastases. 25 General conditions, including malnutrition, are important factors to consider for successful administration of systemic treatments. In our study, neither metastatic lesions, serum levels of albumin, or PS had an impact on the sensitivity to PD-1 inhibitors in EGFR-mutated NSCLC. In addition, the serum NLR was not correlated with the outcomes of ICI treatment in EGFR-mutated NSCLC, although the serum NLR was reported to be a potent biomarker according to the benefit of ICI treatments in patients with advancedstage cancer.
26
A previous study reported that a higher Brinkman index, defined as the number of cigarettes smoked per day times the smoking years, greater than 600 may be one of the predictive factors for the efficacy of nivolumab in patients with NSCLC with EGFR mutations [10] . Our results indicated that patients with uncommon EGFR mutations, G719X and exon 20 insertions, had significantly better response, PFS, and TTF than those in patients with common EGFR mutations, such as exon 19 deletions and L858R in exon 21, consistent with findings reported previously. 27 These findings suggested that patients with uncommon EGFR mutations might associate with more specific characteristics of smokers than patients with common EGFR mutations, although our study could not indicate the significant relationship between smoking history and the efficacy of ICIs. 28 As it was reported as a controversial finding, smoking history might be an inadequate and confounding factor in the outcomes of ICIs in EGFR-mutated NSCLC. A previous report showed the negative correlation between the detection of T790M mutations and outcomes of ICI treatment, 29 which was consistent with our observations that the detection of T790M mutations inversely predicted the PFS and TTF following treatment with ICIs. The EGFR-T790M, the gatekeeper mutation, is the most common mechanism of acquired resistance and is detectable in approximately 50% of patients who develop acquired resistance to firstand second-generation EGFR-TKIs. 30, 31 The tumors with EGFR-T790M mutations showed low mutation burden in next-generation sequencing analysis, suggested that these tumors were likely to exhibit reduced responses to ICIs. However, our findings showed that all patients without EGFR-T790M mutations include those with uncommon EGFR mutations that are most promising predictors in analyzing ICI responders. In addition, patients with common EGFR mutations poorly responded to immunotherapy, independent of EGFR-T790M mutations. Therefore, further investigations are needed to determine the important roles of EGFR-T790M mutations on the detection of responders to immunotherapy. Importantly, this is the first report to show that uncommon EGFR mutations without T790M mutations when initiating treatment with ICIs is a promising predictive factor to identify responders of ICIs among patients with EGFR-mutated NSCLC. This study has several limitations; first, it included a small sample size and was a retrospective study. However, previous retrospective observations regarding these associations have been based on similar sample sizes as that included in this study. 27 Second, this study only recruited a Japanese cohort.
T A B L E 2 Predictive factors according to the response to immune checkpoint inhibitors based on single-variable analysis
Third, we had various biases on patient conditions when ICI treatment was initiated, such as the number of pretreatment regimens and PS of patients. Fourth, we could not validate the cases harboring uncommon EGFR mutations with T790M mutations. Further studies are warranted to develop useful biomarkers of PD-1/PD-L1 inhibitors in EGFR-mutated NSCLC.
In summary, NSCLC with uncommon EGFR mutations and without T790M mutations was found to be positively associated with clinical benefits of ICI treatment and to be an independent positive prognostic factor in patients with NSCLC with EGFR mutations. Further studies are warranted to identify responders to ICIs among patients with EGFR mutation-positive NSCLC. 
